INTRODUCTION
Only two types of male-specific coliphages are known. One, first isolated by Marvin & Hoffmann-Berling (1963) , is in the form of a thin filament about 8000/k long and 70/k thick containing single-stranded deoxyribonucleic acid (1-DNA). The other is a small icosahedron (250A), containing single-stranded ribonucleic acid (1-RNA) (Loeb & Zinder, 1961) . Both adsorb to the F-pill of the host cell (Crawford & Gesteland, 1964; Bradley, 1964; Caro & SchnOs, 1966) . F-pill are filamentous appendages 85/k thick and up to about 20/~ long (Brinton, 1965) ; a small number (about 5) are present on each cell and are believed to be the route of genetic transfer in bacterial conjugation (Brinton, Gemski & Carnahan, 1964; Brinton, 1965) ; they are specified by the sex (F) factor and are not found on F-strains. The RNA coliphages adsorb along the whole length of the pilus (Crawford & Gesteland, 1964; Bradley, 1964) while the filamentous forms attach to the tip only (Caro & Schnrs, 1966) . This unique means of adsorption is followed by an equally interesting phase of intracellular multiplication, which, for the RNA phages, has been well studied by electron microscopy (Schwartz & Zinder, 1963; Franklin & Granboulan, 1966; Granboulan & Franklin, 1966) . RIgA phages specific for Escherichia coli and Pseudomonas aeruginosa form intracellular crystals before lysis. With the filamentous types, however, particles are extruded continuously over a period of time and abrupt lysis does not occur (Hofschneider & Preuss, 1963; Hoffmann-Berling & Mazr, 1964) . Little is known about the process of their intracellular multiplication; there is no information on the arrangement of particles within host cells before release. In the present electron microscopic study, ceils of E. coli were sectioned at intervals after infection by the ilia-D. E. BRADLEY AND C. A. DEWAR mentous bacteriophage z~/2 (Bradley, 1964) . Phage release was marked changes in intracellular organization. associated with
METHODS
Media and culturing methods. Both solid and liquid media were prepared using Oxoid nutrient broth; the former contained 2 9/o (w/v) agar. A stock of bacteriophage was grown on a confluent lawn of host bacteria on a soft agar layer culture on nine large (6 in. diameter) Petri dishes; the soft agar contained 1 ~ (w/v) agar+ 1 ~o (w/v) peptone. The plates were each extracted with 10 ml. nutrient broth; bacteria were removed by centrifugation (5000g for 10 min.). The stock (titre c. 2 × 1011 plaque forming units (p.f.u.) per ml.) was subsequently used for infecting a broth culture from which samples were taken for electron microscopy.
Sources of host strain and bacteriophage. The host used was Escherichia coli strain C+/L (F+). This mutant of E. coli strain c3000 (Dr Clyde A. Hutchinson, California Institute of Technology) is resistant to a number of common coliphages with long non-contractile tails. It is identical with E. coli strain C3000/L described by Bishop & Bradley (1965) . The filamentous 1-DNA bacteriophage ZJ/2 was originally isolated from sewage from Pangbourne, England (Bradley, 1964) .
Infected cultures of host bacteria. Samples of phage-infected cells for embedding and sectioning were obtained as follows. An overnight broth culture of Escherichia coli strain c +/L was diluted and brought to log phase by incubation with agitation at 37 ° for 3 hr. This was again diluted to a volume of 130 ml. at a bacterial concentration of 10 s cells/ml, measured by optical absorption. Six ml. of ZJ/2 stock containing 2.2 x 1011 p.f.u.[ml, were then added to give an estimated added multiplicity of infection of about 100:1. This high value was assumed to give almost simultaneous infection of all host ceils; Kay (personal communication) reports that adsorption and DNA penetration by zJ/2 is rapid as with the similar phage M 13. Tzagoloff & Pratt (1964) showed that M 13 can adsorb in less than 20 sec. Samples of 15 ml. were removed at intervals of 20 min. (Fig. 1) . Growth curves were obtained for both infected and uninfected cultures by measuring cell concentration at intervals of 20 min. by optical absorption.
Samples of uninfected bacteria were obtained from a similar log phase culture initiated at 10 s cells/ml, after 40 min. (labelled G) and 2 hr 40 min. (labelled H).
For the negative staining of infected bacteria a separate culture was grown as described above save that the estimated multiplicity of infection was 10:1 as opposed to 100:1. This lower value was used to reduce the possibility of contaminating electron microscope preparations with excess phage particles, thus confusing the interpretation of results.
Fixation, embedding and sectioning of bacteria. Samples from the culture described above were centrifuged at 7000g for 3 min. and the bacteria resuspended in 5 ml. of 6.25 ~o (w/v) glutaraldehyde in Sorensen's buffer at pH 7.2 (Sabatini, Bensch & Barrnett, 1963) . The bacteria were fixed for 1¼ hr at room temperature and then washed twice in buffer by centrifugation. They were next resuspended in 1 ~o (w/v) osmic acid in the same buffer for post-fixation for 1½ hr at room temperature. After two further washings in Sorensen's buffer, the bacteria were suspended in this medium (about 2 ml. for each sample) at 2 ° overnight. For dehydration, they were first washed twice by centrifugation in 30 ~ (v/v) acetone to remove phosphate left by the buffer. The pellets obtained were then dehydrated for 20 min. in 30 ~o, 50 ~o, 75 ~o and 100 ~o (v/v) acetone; 1 ~o (w/v) uranyl acetate was added to the first three of these solutions to stain the pellets. Two final treatments in dehydrated 100 ~ acetone were then given. At this stage the bacterial pellets were sufficiently hard to permit transfer from one solution to another by means of cocktail or match sticks. They were next placed in a mixture of equal volumes of acetone + Vestopal (Martin Jaeger, Geneva) in a shallow dish. A stream of warm air was passed over the dish from a hair drier for 2 hr to evaporate the acetone. The pellets were next transferred to a mixture of 98 ~ (v/v) Vestopal + 1 ~ (v/v) each of initiator and accelerator, in which they were left overnight at room temperature. After lying in fresh Vestopal mixture for 7 hr the pellets were finally broken into two or three pieces where necessary and transferred to gelatin capsules filled with Vestopal mixture. They were heated uncovered at 60 ° until hard (18 to 36 hr). Sections were cut with a diamond knife in a Huxley ultramicrotome and mounted on grids without support films. Contrast was improved using lead citrate for 2 rain. (Reynolds, 1963) before electron microscopy.
Negative staining of bacteria. A sample (J) from the second culture of infected bacteria described above ( Fig. 1 ) was halved and treated in different ways. The first portion was chilled in melting ice, and the second was mixed with glutaraldehyde to a final concentration of 6.25 ~o (w/v) using a 12"5 ~o (w/v) solution and allowed to fix at room temperature for 1 hr. Both portions were washed twice by centrifugation in 0"5 ~o (w/v) neutral ammonium acetate containing 0.2 ~o (w/v) sucrose as used by Cohen-Bazire, Kunisawa & Poindexter (1966) . For negative staining, equal volumes of an appropriately diluted suspension in this mixture and 2 9/0 (w/v) neutral potassium phosphotungstate were mixed and a thin film allowed to dry on a specimen grid coated with a carbon film. Electron micrographs were taken of unfixed bacteria at 60 kv, but fixed cells were much more dense to electrons so that 100 kv was used.
RESULTS
True lysis was not detected in either of the infected cultures; the levelling off of the curves indicated a cessation of growth (Fig. 1) . The positions of the samples marked on the curves correspond to the appropriately lettered blocks from which sections were cut so that the results are described with reference to Fig. 1 . The word 'mesosome' is used broadly here to describe areas within the cell arising from the invagination of a membrane which may be the cell wall, the protoplasmic membrane, or both. (More strictly a mesosome is derived from the protoplasmic membrane only.)
A dividing cell in an uninfected early log phase culture (sample G) of Escherichia coli strain C+/L is shown in P1. 1, fig. 1 . Two membranes are clear at CW (further enlarged in P1. 1, fig. 6 ) and there is a simple mesosome at M (P1. 1, fig. 1 ). The latter were not common, single ones occurring in an estimated 1 to 10 ~ of about 100 sectioned cells. The nucleoplasm and cytoplasm are clearly differentiated by the method of preparation used. A number of empty cells were found in uninfected cultures in both early and late log phase, one from sample G being shown in P1. 1, fig. 2 . The cell wall is still intact and the cell contains a little fibrous material and two irregularly shaped dense bodies of unknown origin resembling the 'homogeneous zone' of Franklin & Granboulan (1966) . Occasional mesosomes were also found in such cells which are presumed to have died naturally. A late log phase cell (sample H, P1. 1, fig. 3 ) appears similar to that in PI. 1, fig. 1 , save that it is smaller and no mesosome is present in this example.
Longitudinal sections or parts of them of cells from a culture infected at a multiplicity of 100:1 sampled 20 min. after initial infection (sample A, Fig. 1 ) are shown in P1. 1, figs 4, 5, 7. The whole cell in P1. 1, fig. 4 , is generally similar to uninfected cells though the nucleoplasm appears more localized. The area marked, however, shows a region of the cytoplasm with a different structure from the rest. This is further enlarged n P1. 1, fig. 5 , and can be seen to consist of a small mesosome (M) surrounded by a densely stained area. Many of the cells in sample A exhibited these structures which were confined to the poles; they were entirely absent from uninfected cells. In sample B, 40 min. after infection, both the frequency and magnitude of these polar structures increased markedly. The example in P1. 1, fig. 7 , shows a complex arrangement of membranes. At the top right of the picture the surface of the cell has no less than three triple (black-white-black) layers, the outermost of which is presumably the cell wall. The short thick length of membrane on the left is in the form of a sandwich and has a different appearance from the multiple layers on the cell surface; it splits up into a number of very fine membranes at its upper end. Sample C, taken 1 hr after infection, showed more highly developed structures in addition to ones similar to those already described. The example in P1. 2, fig. 8 , is of a transverse section through a cell. At A, numerous concentric membranes can be seen Escherichia coli infected with filamentous phage 183 and at B there is a definite invagination of the cell wall itself. Also at B there are a number of small circles with central dots together with some rather indistinct filaments. At C there is a group of what can best be described as small mesosomes and at D another group of small circles. The latter will be described further and discussed in some detail. The concentric membrane structures were not present in all transverse sections in sample C but were frequent.
It is evident from the first three samples that the polar membrane structures develop with time and in Pl. 3, figs 9 to 12, different degrees of this are shown in longitudinal sections. In PI. 3, fig. 9 , the layers of membranes have extended inwards from the cell surface and are linked together to form a loose network but in P1. 3, fig. 10 , only portions of them are visible, the remainder presumably curving away out of the plane of the section. In P1. 3, fig. 11 , they have apparently differentiated into mesosomes. P1. 3, fig. 12 , taken from sample E, shows the extent of the membraneous network in relation to a whole cell; a number of filaments can also be seen at the opposite end of the cell. It is emphasized that these membraneous structures varied in size and appearance but were visible in about half of the longitudinal sections taken one hour after infection. Their most important common feature was that they generally appeared at the poles of the cell but they were also seen at the ' waist' of a dividing pair (P1. 3, fig. 13 ).
The smaller circles with central dots are illustrated at a higher magnification in PI. 3, fig. 14. They are about 100 A in diameter; this is not far from the thickness of zJ/2 filaments (about 70/~) measured in negative stained preparations (Bradley, 1964) and about half the thickness of a bacterial flagellum. The circles and filaments (P1. 2, fig. 8 ; P1. 3, fig. 12 ) appeared together in large numbers from 40 min. after infection onwards. They were never found in uninfected cultures, and were not found when several grids of sections from samples G and H were searched. They were also rare in the empty cells to be described.
Negatively stained preparations of both fixed and unfixed infected cells showed no recognizable internal structure. In sample J (Fig. 1) , which was fixed in glutaraldehyde, most cells were completely surrounded by a mass of fine filaments (P1. 4, fig. 15 ). Control preparations of uninfected cultures (not illustrated) had four or five per cell. The examination of P1.4, fig. 15 , shows three types of filament: those at F are flagella while those at P are considered to be F-pili (Brinton, Gemski & Carnahan, 1964) . They are noticeably thicker than the mass of fibres round the cell which are believed to be extruding zJ/2 particles. At T, the tip of a thicker filament P, two particles appear to be attached. Caro & SchnSs (1966) have illustrated the adsorption of filamentous phages to F-pili more dearly.
In P1.5, figs 16 and 17, taken from sample C, several points are illustrated. First, there are a large number of circular objects, some of them joined to thin filaments. (A in both micrographs; P1. 5, fig. 17 , is an enlargement of the marked area in P1. 5, fig. 16 .) One of the thin filaments attached to the circle appears helical. At points B and C the thin filaments appear to penetrate the cell wall and continue within the cytoplasm (arrowed). The various layers of the cell wall and protoplasmic membrane are clear at CW, but the plane of the section passes through them tangentially at the top of the micrograph. Multiple layers at the cell surface are shown at high magnification in P1. 6, fig. 18 , and they seem to have the same thickness and appearance as the cell wall. Also at the top centre there is a circular object measuring about 175/k in diameter with a hollow centre; this corresponds to the diameter of a flagellum and is bigger than the nearby small cirdes with central dots.
Blebs were frequently observed on the bacterial surface of infected cells. The example in P1.6, fig. 19 , is a double bleb, the section having fortunately passed exactly through the point of extrusion from the cell surface. The outer layer is formed by the cell wall and the inner bulge by an underlying membrane. The majority of blebs consisted of only single membranes. For reasons of space the whole cell is not illustrated, but the bleb was positioned about one third of the way down the cell from a pole which contained a complex membraneous structure.
Cells which were in varying degrees less dense to electrons than normal were found in sample C but more frequently in samples D and E. These dying cells were presumably losing their contents and their progressive appearances are described. P1. 6 fig. 20 , shows a dividing cell (it is dividing by constriction rather than by septum formation) where the top part is less dense than the bottom. It contains numerous large and small mesosomes. Dense bodies are clearly visible at the top of the cell. The cell in P1. 6, fig. 21 , has still less material in it though mesosomes, etc. are not so extensive. The cell in P1. 7, fig. 22 , has lost almost all its contents but the cell wall and most of the protoplasmic membrane is intact. The 'waist' is shown at higher magnification in P1. 7, fig. 24 : several small mesosomes and membrane fragments are present. The appearance of the cell in P1. 7, fig. 23 , is unusual; the loss of most of its contents enhances the contrast of concentric membrane systems. These are thinner than the cell wall and correspond more closely to the appearance of the protoplasmic membrane. The transverse section through an empty cell in P1. 7, fig. 27 , shows dearly defined circular mesosomes.
In samples E and F a great deal of debris was present, presumably representing the remains of cells and their contents. A group of isolated mesosomes and pieces of membrane is illustrated in P1. 7, fig. 25 . A portion of the block from sample E containedno intact cells but a mass of small-sized debris (PI. 7, fig. 26 ), much of which was unidentifiable; there is a free mesosome at M and an object identifiable as a dense body at D. The dead cells and the more intact membranes in cell debris bear a close resemblance to the autolysed cells illustrated by Kushnarev & Pereverzev (1964) .
The dear definition of both membraneous structures and extracellular filamentous material depends upon satisfactory fixation, staining, and embedding.
DISCUSSION

Uninfected cells. There have been many studies of thin sections of normal cells of
Escherichia coli, one of the most relevant to the present text being that of Steed & Murray (1966) . They showed that occasional mesosomes do undoubtedly occur under all conditions of growth in agreement with present observations; there has previously been some doubt about this (Vanderwinkel & Murray, 1962; Kay & Chapman, 1963; Kushnarev & Pereverzev, 1964) . In our preparations the cell wall and protoplasmic membrane appear as described by many authors: the control preparations evidently provide a proper basis for comparison with infected cells.
Membrane structures. Both the cell wall and protoplasmic membrane invaginate and part within the cell to give mesosomes and membraneous structures with enve]opes of different thickness. It is not difficult to envisage how the comp]ex structures shown in P1. 3, figs. 9 to 12, arise from such multiple concentric invaginations. The electron micrographs shown here do not connect the mesosomes directly with phage release but this process does coincide with their formation (Fig. 2) .
Large mesosomes were beautifully demonstrated in Caulobacter crescentus by Cohen-Bazire et aL (1966) using negative staining. Here this process was unsuccessful, presumably because the aperture at the cell surface is too small to allow negative stain to penetrate.
The appearance of phage particles in sections. The results described two obvious features which are probably phage particles; the circles with central dots (P1. 3, fig. 14) and the fine fibrous structures (P1. 5, fig. 16 ). The fibres could be F-pili, type 1 pili (Brinton, 1965) or even flagella, but each can be satisfactorily eliminated. First, F-pili can be eliminated because there are only a few such structures per cell and they would show up on uninfected cells, which they did not. Secondly, type 1 pili can be eliminated because negative staining shows that type 1 pili are not demonstrable in significant numbers on this strain of Escherichia coli after fixation and they were not seen on uninfected cells. Thirdly, flagella can be eliminated because the circles are too small (see P1. 6, fig. 18 ). The inference is that both represent ZJ/2 particles. Their dimensions are also in reasonable agreement with negatively stained preparations, bearing in mind the possible effects of embedding and the inevitable obliqueness of the sections. Finally, the time of appearance of these objects during phage growth (Fig. 2) leaves little room for doubt but that they are indeed sectioned phage particles. The central black dot in the transverse sections could well represent the nucleic acid core, when considered with the evidence of negative staining, which showed a dark line down the axis (Bradley, 1964) . The inference is that the nucleic acid is not interwound with the protein as is the case with tobacco mosaic virus. The phage certainly does not consist of two units lying side by side as suggested by Marvin (1966) . The more logical picture of a long thin tube thus emerges. Marvin & Hoffmann-Berling (1963) and Marvin (1966) have demonstrated the helical nature of the protein by X-ray diffraction.
Intracellular multiplication and bacteriophage release. Hofschneider & Preuss (1963) showed particles of a filamentous phage being extruded in bundles from cells growing on a solid medium. Our observations indicate that in liquid cultures points of extrusion are evenly distributed over the cell surface; the number per cell ('burst' size) is quite large, there being an estimated 200 to 300 in PI. 4, fig. 15 . In a section the number cannot be correlated with the 'burst' size since the plane of the section passes through the same particle several times.
It would be most important to show the spatial distribution of particles within the cell and their points of extrusion. Both features are, however, extremely difficult to observe. Kay (personal communication), using cell-breaking procedures, reports that only a few intact particles (less than 10) are present in a virus-producing cell at any given moment. It is thus unlikely that any filaments will be detected against the dense background of the cytoplasm, and this has indeed proved to be the case. If the particles were synthesized as they were extruded, they would not be visible either. While far from clear, PI. 5, fig. 17 , suggests that the extracellular filaments at B, C and D are passing through the cell wall and terminating some 1500 A inside it. One may guess that the virions are synthesized in this region.
Blebs. Manifestations such as that shown in PI. 6, fig. 19 , might well be considered the reverse of mesosomes: bubbles of cell wall and protoplasmic membrane being blown outwards instead of inwards. They do not seem to be associated with nearby extruding particles or large local concentrations of mesosomes, and it must therefore be concluded that they are a product of interference with cell metabolism.
Dead cells. Empty cells represent the termination of the infective process. The illustrations show that the cell wall, and to a great extent the cell membrane, remain intact (P1. 7, fig. 22) ; it thus seems unlikely that lyric enzymes are synthesized as is the case with tailed phages. The observation also suggests that leakage of the cytoplasm takes place through holes left by the phage particles. Cell debris. The presence of numerous free dense bodies in cell debris (P1. 7, fig. 26 ) shows that they are stable. But these unidentified structures are also present in uninfected cells, they probably have no connexion with the infective process.
Comparison with the intracellular multiplication of other bacteriophages. Figure 2 provides a summary of the sequence of events observed here. In comparison with electron microscopic observations on the intracellular multiplication of other bacteriophages many fundamental differences become apparent. Kellenberger, S6chaud & Ryter (1959) showed that in the case of infection by T-even coliphages no membraneous structures are produced and that intact vegetative particles are assembled before lysis. In the case of RNA-containing coliphages the same applies (Schwartz & Zinder, 1963; Tickhonenko, Bespalova & Krivisky, 1964) , the intracellular particles forming an ordered crystalline array. A further example is an RNA-containing Pseudomonas aeruginosa phage which causes the host cell to form a spheroplast (Bradley, 1966) . The infective process of filamentous phages differs from these in two major aspects. First, the virions do not appear to be synthesized to completion in the cell. Secondly, instead of weakening the cell wall, the phage stimulates the production of excess cell wall and cell membrane material, possibly for strengthening the envelope during the extrusion of virions. 
